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Abstract 
 
Volatile organic compound (VOC) emissions from vegetation have been estimated to be several times 
higher than anthropogenic emissions. These estimates, however, have large uncertainties due to 
uncertainties in the emission parameters, emission algorithms and vegetation information used in the model 
calculations. In this work surface layer flux measurement methods were developed and deployed to 
measure VOC emissions from vegetation and to obtain emission parameters and test algorithms at canopy 
scale. 
 
Chemical sampling and analysis proved to be one of the most important sources of uncertainty for the 
surface layer flux techniques for VOCs. The parameterizations used for the turbulent exchange coefficients 
in the gradient technique with Monin-Obukhov stability functions, and the roughness sub-layer can add 
systematic uncertainty to the fluxes presented. Two eddy flux systems based on the disjunct eddy sampling 
(DES) approach were developed for measurement of VOC fluxes: a disjunct true eddy accumulation and a 
disjunct eddy covariance system. In the DES, air samples are taken within a very short time (0.2 s) but with 
a longer interval between them. This reduces the number of samples used to obtain the flux but gives more 
time to process the samples. This makes eddy covariance measurements possible using relatively slow 
sensors, such as the proton-transfer-reaction mass spectrometer used in this work. The DES approach 
bypasses some technical difficulties of the true eddy accumulation method, in which the sampling rate is 
proportional to the vertical wind velocity.  
 
The flux measurements above boreal Scots pine and Siberian spruce/mountain birch forests showed that the 
monoterpene emissions from this type of forest are probably slightly overestimated in emission models. 
Isoprene fluxes from these forests were below detection limit. The monoterpene fluxes were temperature-
dependent as expected, but this temperature dependence was somewhat higher than obtained using 
enclosure techniques. The measured VOC fluxes above primary tropical rainforest in Brazil showed high 
fluxes of isoprene and lower fluxes of monoterpenes. The monoterpene fluxes above rainforest showed a 
light and temperature dependent behavior similar to the one observed usually for isoprene emissions. High 
methanol fluxes were measured above an undisturbed alfalfa field. 
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 9
1 INTRODUCTION 
 
Biological processes play an important role in controlling the chemical composition of 
the atmosphere. The abundance of oxygen, and subsequently the existence of the ozone 
layer, is due to photosynthesis. Many greenhouse gases, such as carbon dioxide and 
methane, are at least partly controlled by the biosphere. Furthermore, vegetation also 
partly controls the hydrological cycle and emits chemically reactive trace gases into the 
atmosphere. Boreal forests and tropical rainforests are the major forested biomes (11 % 
and 5 % of land surface area respectively) affecting the composition of atmosphere 
(Figure 1). 
 
More than forty years ago Dr F. W. Went published his ideas on the role of vegetation on 
the origin of blue hazes in remote vegetated areas. He reasoned that these hazes are 
formed by condensation of organic compounds originating from vegetation (Went 1955; 
1960). The biogenic volatile organic compounds (BVOCs) were studied intensively 
during seventies, but almost forgotten in early eighties. In the late eighties and early 
nineties the role and importance of biogenic VOC emissions into the atmosphere became 
again high on the scientific agenda for several issues including tropospheric ozone 
formation and climate change. In the past decade biogenic volatile organic compounds 
have been under intense research. This research has been reviewed by Fuentes et al. 
(2000). Early research on BVOCs is reviewed by Rasmussen (1981) and by Lerdau et al. 
(1997). 
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Figure 1. Boreal forests (light gray) and tropical rain forests (dark gray) as derived from AVHRR NDVI 
data (Documentation available at http://edcdaac.usgs.gov/glcc/globdoc1_2.html). 
 
According to emission estimates, the global biogenic VOC emissions are many times 
higher than the anthropogenic emissions (Müller, 1992; Guenther et al., 1995). Also on 
the regional scale there are areas, even in Europe, where biogenic emissions are higher 
than anthropogenic ones, for example Finland (Simpson et al., 1999; Lindfors and 
Laurila 2000). However, BVOC emission inventories have large uncertainties since the 
emission potentials of many plant species are not known, and the up-scaling procedure 
from leaf level to larger scales is an important source of uncertainty.  
 
Emission models require information on the emission potentials of vegetation. There 
exists several methods for obtaining this information on different spatial and temporal 
scales. Enclosure, (or cuvette, or chamber) methods are used at the leaf and branch scale. 
Micrometeorological surface layer flux measurement methods give emissions at the 
canopy scale. The boundary layer mass balance and gradient methods provide landscape 
scale emissions. Each of these methods can be used to obtain the emission parameters for 
 11
emission models or to validate model results based on emission factors obtained by 
another method. 
 
The papers included in this thesis deal with surface layer flux measurements of BVOCs. 
The main goals of the work were to obtain measurement data of canopy-scale BVOC 
emissions of different vegetation types, to identify and quantify the sources of uncertainty 
associated with these measurement techniques, and to further develop techniques used to 
measure BVOC emissions in the canopy scale. The work consists of applying existing 
methods, analyzing the uncertainties associated with these measurements, developing 
new measurement techniques, and analyzing the data obtained by these techniques.  
 
Papers I and II deal with BVOC fluxes measured by a gradient technique with turbulent 
exchange coefficients derived using the Monin-Obukhov similarity theory and the 
Businger-Dyer formulae. In paper I sources of uncertainty in gradient measurements are 
described in detail. The results of the uncertainty analysis are used in paper II. In paper 
II results from monoterpene flux measurements over Scots pine (Pinus sylvestris) forests 
are presented and compared to model estimates. 
 
Papers III and V concentrate on method and instrument development using a new 
approach, disjunct eddy sampling. This approach is incorporated to the true eddy 
accumulation (paper III) and the eddy covariance (paper V) method. In paper IV VOC 
fluxes measured by the disjunct eddy accumulation method above a neo-tropical 
rainforest are presented. 
 12
 
The work presented in papers I and II was conducted as a part of BIPHOREP research 
project (Laurila and Lindfors, 1999) and that presented in paper IV as a part of the LBA-
Ecology project (http://lba-ecology.gsfc.nasa.gov/lbaeco/).  
 
The author of this thesis bore the main responsibility of the measurements and data 
analysis, with the exception of chemical analysis of the air samples (papers I-IV), which 
was conducted by H. Hakola and J. Greenberg, and operation of the fast isoprene sensor 
and analysis that data (paper IV), which was conducted by A. Guenther. The PTR-MS 
used in paper V was operated by C. Warneke and S. Luxembourg. Author also bore the 
main responsibility of the instrument development described in papers III and V. 
 
2 BIOGENIC VOCs IN PLANTS AND THE ATMOSPHERE 
 
In many remote vegetated areas, concentrations of volatile organic compounds (VOC), 
scaled by the reactivity against ozone and hydroxyl radical, are dominated by biogenic 
compounds (see Figure 2) (e.g., Laurila and Hakola, 1996; Hakola et al., 2000). Above 
tropical rainforests the BVOC concentrations are most often dominated by isoprene 
(C5H8, 2-methyl-1,3-butadiene) (Zimmerman et al., 1988; Helmig et al., 1998; Greenberg 
et al., 1999a; Kesselmeier et al., 2000). On the other hand, in the European boreal zone 
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Figure 2: OH-reactivity scaled monthly mean VOC concentrations at Pötsönvaara, Ilomantsi, Finland 
according to Hakola et al. (2000). 
 
the monoterpene (C10H16) concentrations commonly exceed the isoprene concentrations 
(e.g. Hakola et al., 2000). α-Pinene ((1S)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene) is 
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often the dominant monoterpene, other common monoterpenes being β-pinene, ∆3-carene 
and limonene.  
 
In the atmosphere the degradation of un-saturated hydrocarbons, such as isoprene and 
monoterpenes, starts usually with addition of OH, O3 or NO3 to a C=C double bond. The 
atmospheric chemistry of these hydrocarbons is complex and beyond the scope of this 
thesis. Depending on atmospheric conditions the degradation of BVOCs can lead to 
various end-product combinations. The common products of isoprene degradation 
include formaldehyde, methacrolein and methyl-vinyl-ketone (Seinfeld and Pandis, 
1998). Products of α-pinene, which is often the most common monoterpene in the air, 
include pinonaldehyde, formaldehyde and acetone (Hakola et al., 1994; Nozière et al., 
1999).  
 
In the presence of NOx, hydrocarbons tend to shift the NO to NO2 balance towards NO2, 
thus increasing ozone production, if sufficient NOx is available (Seinfeld and Pandis, 
1998; Atkinson, 2000). Much of the interest in BVOCs has arisen from their capacity to 
affect the ozone chemistry in the boundary layer (Chameides et al., 1992; Fehsenfeld et 
al., 1992). Early ozone reduction measures were often unsuccessful because they did not 
take BVOCs into account (NRC, 1991).  
 
Recently, the capacity of BVOCs to take part in aerosol formation and growth has 
increased the interest in BVOCs (Kavouras et al., 1998; Kulmala et al., 1998, 2000; 
Griffin et al., 1999; Andersson-Sköld and Simpson, 2001). Degradation products of 
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monoterpenes have been observed in laboratory studies to contribute to aerosol formation 
and growth. However, initial monoterpene concentrations in these studies have been 
orders of magnitude higher than those observed in nature (Hoffmann et al., 1997; Nozière 
et al., 1999). 
 
The tropical atmosphere, due to the intense radiation and high humidity, is the major 
region for oxidation of such powerful greenhouse gases as methane (Crutzen and 
Zimmerman, 1991). As reactive organic compounds affect the oxidation capacity of the 
tropical atmosphere, they can have an indirect effect on the global greenhouse effect via 
methane oxidation. Biogenic hydrocarbons are also important for the budget of carbon 
monoxide in the troposphere (Granier et al., 2000). Compared to global carbon dioxide 
fluxes, the global BVOC emission (1150 TgC/yr, Guenther et al., 1995) is minuscule, but 
still the same order of magnitude as the rate of increase of carbon dioxide in the 
atmosphere (3300 TgC/yr, IPCC, 1996). 
 
Plants produce volatile organic compounds for various purposes, e.g. ethene acts as 
growth hormone; while many monoterpenes serve as defense against herbivores (Tingey 
et al., 1991; Langenheim, 1994, and references therein). The purpose of isoprene, which 
is the most studied atmospheric BVOC, is not known yet. It has been suggested that 
plants synthesize isoprene for thermal protection (Sharkey and Singsaas, 1995), or that 
isoprene scavenges gaseous nutrients, such as nitrous oxides, from the air to the forest 
soil (Klinger et al., 1998). Recently it has been suggested that isoprene production 
participates in the regulation of chloroplast metabolism (Logan et al., 2000). 
 16
 
The VOC emission mechanisms and the dependence of emissions on environmental 
parameters varies from compound to compound and also between plant species. Isoprene 
is emitted directly from synthesis and its emission depends on both light and temperature 
(Guenther et al., 1991). Many plants emit monoterpenes from storage pools and their 
emission is temperature dependent (Tingey et al., 1991; Guenther et al., 1991). However, 
it has been shown that some Mediterranean and tropical plants emit monoterpenes in light 
and temperature dependent fashion directly from synthesis (Staudt and Seufert, 1995; 
Loreto et al., 1996; Kuhn et al., 2001). Vegetation also emits several other VOCs, such as 
methanol and hexenal. The emissions of certain compounds can be greatly influenced by, 
e.g., drought stress, flowering and insect damage (Hansen and Seufert, 1999; Litvak et 
al., 1999). 
  
Isoprene is emitted by many, mainly deciduous broadleaved, trees, such as oaks (Quercus 
spp.), poplars and aspens (Populus spp.) and willows (Salix spp.). Many tropical tree 
species also emit isoprene. Many evergreen coniferous trees such as pines (Pinus spp.) 
and spruces (Picea spp.) are monoterpene emitters. As the biogenic emissions of 
hydrocarbons are highly dependent on plant species, a change in land-use can have a 
significant effect on regional BVOC emissions (Guenther et al., 1999; Schaab et al., 
2000). 
 
Currently the main scientific issues driving the study of biogenic VOC emissions include 
the role of BVOCs in ozone production, in the oxidant balance of the troposphere, and in 
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aerosol formation. The characterization of emissions from tropical vegetation is of great 
importance for our knowledge on the global oxidation capacity of the troposphere, as this 
area is important for the oxidation of such powerful greenhouse gas as methane, and so 
little is still known about BVOC emissions in the tropics. The effect of land-use change 
on the BVOC emissions can have a great impact on ozone formation in many areas in the 
industrialized world where reforestation commonly occurs. Deforestation and forest 
degradation in the tropics can have an effect on the oxidation capacity in these areas. 
Very little is still known about the oxygenated VOC emissions from vegetation, which 
can be important. 
 
3 METHODS FOR ESTIMATING BIOGENIC VOC EMISSIONS 
 
There exist a variety of methods for estimating emissions of VOCs from the vegetation at 
various spatial and temporal scales. The measurement methods include enclosure, surface 
layer flux and mixed layer techniques described below and reviewed by Dabberdt et al. 
(1993). All these methods rely on our ability to measure the concentrations of trace gases 
accurately enough. Results of emission measurements are often used as an input data for 
emission models or to validate model results. The theory behind the surface layer flux 
techniques and the mixed layer techniques is described by, e.g., Stull (1988), Garratt 
(1994), and Kaimal and Finnigan (1994). 
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3.1 Enclosure techniques 
 
Enclosure, or cuvette, techniques are used to measure gas exchange between plants and 
the atmosphere at the leaf or branch scale. In these techniques, a leaf or a branch, or 
occasionally a whole tree, is enclosed into a cuvette. With dynamic cuvettes, air is 
pumped through the cuvette and the concentration difference between incoming and 
outgoing air is used to calculate the emission from the plant tissue inside. With static 
cuvettes air is not pumped through and the rate of change of the concentration is used to 
determine the emission or assimilation rates. 
 
Dynamic cuvettes are widely used to measure VOC emissions from plants. Emissions of 
various plant species have been measured with cuvette techniques by, e.g., Rasmussen 
(1972), Tingey et al. (1979), Evans et al. (1985), Isidorov et al. (1985), Juuti et al. 
(1990); Guenther et al. (1991, 1996), Janson (1993), Hakola et al. (1998) Janson et al. 
(1999), Geron et al. (2000), Boissard et al. (2001) and Pétron et al. (2001). Enclosure 
methods are an important tool for screening the emissions from different plant species 
and for studying the dependencies of VOC emissions on environmental parameters. 
 
One of the main advantages of the enclosure methods is their simplicity. However, since 
these methods give the emission parameters at the leaf to tree scale, the subsequent up-
scaling can introduce large uncertainties into the results. Moreover, the enclosure itself 
affects the environment around the enclosed part of the plant. This can have an unknown 
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effect on the measured gas exchange. Too rough handling of the plant can also lead to 
artificially high emissions (Juuti et al., 1990). 
 
 
3.2 Surface layer flux measurement techniques 
 
Micrometeorological surface layer flux (SLF) methods can be used to measure VOC 
emissions from vegetation at the canopy scale. The surface layer of the atmosphere is the 
lowest part of the atmospheric boundary layer, in which the effect of the coriolis force on 
the flow is negligible. In these methods, measurements are conducted above a vegetation 
canopy, and the measured emission fluxes represent average emissions from an area 
upwind from the measurement point, called the flux footprint, or source area. Depending 
on the height of the vegetation and the structure of the canopy, the measurement height 
can vary from about a meter to few tens of meters above the canopy.  
 
The SLF measurement methods impose several requirements to the measurement site, the 
measured compounds and on atmospheric conditions. The surface around the 
measurement point must be reasonably flat and horizontally homogenous both in 
roughness and source strength. To obtain reliable flux values, surface layer methods 
require strong enough turbulence and quasi-stationary conditions, i.e., that the turbulence 
statistics approach stable value as averaging time is increased (see, e.g., Kaimal and 
Finnigan, 1994). Also the chemical lifetime of the compound measured must be much 
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Figure 3. A schematic figure of two-dimensional footprint function with measurement point at [0,0] (black 
dot) and the mean wind direction indicated by the arrow. The footprint function is calculated according to 
Horst (1999) with following parameters z=2.6 m, L=-10 m, u*=0.5 m/s. 
 
longer than the timescale of turbulent mixing, i.e., the Damköhler number (see chapter 
3.2.2 Surface layer gradient methods) must be small. 
 
The area upwind from the measurement point, which affects the measured flux, is called 
the footprint. This is not a well-defined area but rather is a continuous impact function, 
which describes how strongly an emission from a specific surface unit affects the flux 
measured downwind (Figure 3). The location and extent of the footprint strongly depends 
on atmospheric stability. Various estimates of the footprint area, based on analytical 
solutions of diffusion equations or numerical simulations, are described by, e.g., Schuepp 
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et al. (1990), Schmid (1994), Horst (1999) and Rannik et al. (2000). Since a basic 
requirement for SLF measurements is horizontal homogeneity of the surface, footprint 
analysis is an important part of the assessment of the data quality. For example, according 
to Schuepp et al. (1990), the 75 % cumulative footprint in hydrostatically neutral 
conditions extends to 1000 meters from a measurement point at a height of 22 meters, 
and to 300 meters from a measurement point at 9 meters height. Under hydrostatically 
unstable conditions, typical for daytime, the cumulative footprints are shorter. 
 
The sources of uncertainty and accuracy needed for concentration measurements required 
for SLF measurements have been studied by, e.g., Wesely and Hart (1985), Businger 
(1986) and Businger and Delany (1990). Compared to the enclosure measurements the 
SLF methods require much more accurate concentration measurements. Moreover, even 
without taking the instrumental uncertainties into account, the natural random variation in 
the turbulence field introduces typically an uncertainty of 10-20% into flux value 
averaged over half an hour. On the other hand, SLF methods measure spatially averaged, 
canopy scale, fluxes with minimum disturbance on the vegetation and its environment. 
 
Since SLF measurements must be conducted above the canopy, they require developed 
infrastructure, especially at forested sites where towers several tens of meters of height 
are needed. These methods often require also enough electricity and relatively easy 
access to the measurement site. 
 
 22
Intercomparison studies of various methods for BVOC flux measurements are still scarce. 
Darmais et al. (2000) compared monoterpene fluxes measured by a relaxed eddy 
accumulation and gradient method and found a reasonably good agreement between 
those two methods. Gallagher et al. (2000) intercompared CO2 fluxes measured by an 
REA system for VOCs with an eddy covariance system and found a good agreement. 
 
3.2.1 Eddy covariance method 
The most direct method for surface layer flux measurements is the eddy covariance 
method (EC). It requires high-frequency simultaneous measurements of concentration of 
a compound (c) and vertical wind velocity (w). The covariance between the eddy 
components of these variables ( ccc −=' , www −=' ) gives the flux (Fc): 
∫
−
==
2
1
)(')('1''
12
t
t
c dttctwtt
cwF ,       (1) 
where the overbar denotes time-averaging. Since a substantial share of the fluxes in the 
atmospheric surface layer is transported by relatively small eddies, the measurements of 
w and c must be made with fast-response sensors. Typical sampling frequencies used in 
EC measurements are 5-10 Hz. The three dimensional wind is commonly measured by an 
acoustic anemometer wherein each component of the wind (u, v, w) is obtained from the 
differences in time it takes for an acoustic signal to travel the same path in opposite 
directions. The virtual temperature is obtained simultaneously from the speed of sound. 
 
The EC method is commonly used for measurements of CO2, H2O and O3 fluxes. Some 
instruments for measuring fluxes of isoprene (Guenther and Hills, 1998) and aerosols 
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(Buzorius et al., 1998) by EC method have also been developed. However, for many 
atmospheric constituents there exist no sensors fast enough for traditional EC 
measurements, although recently the proton transfer reaction mass spectrometry has been 
applied for EC measurement of several hydrocarbons (Karl et al., 2001). 
 
Even though the eddy covariance method is the most direct SLF method, some 
corrections are necessary to the fluxes as defined by Equation (1). These include 
correction taking into account density fluctuations caused by temperature and humidity 
variations into account, non-sufficient frequency response of sensors, loss of low 
frequencies due to finite sampling period, as well as the displacement of sensors (Webb et 
al., 1980; Moore, 1986; Lenschow et al., 1994; Kristensen et al., 1997; Massman, 2000). 
Also slight deviations from ideal conditions, such as non-stationarity and non-horizontal 
mean wind can be corrected for (McMillen, 1988). Methods for correcting the advective 
effects have recently been presented (Paw U et al., 2000). 
 
Advantages of the eddy covariance method include also the possibility to post-process the 
raw turbulence data, which makes experimentation with different data processing 
methods feasible. Eddy covariance techniques, however, usually require quite developed 
infrastructure for the measurement site, and are often used at established long-term 
research sites. 
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3.2.2 Surface layer gradient methods 
Surface layer gradient techniques are the traditional methods for measuring fluxes of 
trace gases, for which no fast sensor exists. They are based on the assumption that the 
flux can be parametrised, in analogy with molecular diffusion, through the vertical 
gradient of the compound in question, and a turbulent exchange coefficient Kc, i.e.: 
z
cKF cc ∂
∂
−= .          (2) 
This equation is a first order local turbulence closure and it assumes that the major part of 
the turbulent transport is dominated by eddies smaller than the distance over which the 
gradient is measured. This requirement is not met with elevated measurement heights in a 
strongly convective boundary layer. Since the turbulent exchange coefficient is a property 
of the flow and not of the compound transported, a similarity between exchange 
coefficients for passive scalar properties can be assumed. However, close to vertically 
distributed source or sink the similarity between transportation of scalars with different 
vertical source distributions can break down. 
 
The turbulent exchange coefficient itself can be estimated in several ways. The most 
direct method is to invert equation (2), and use another scalar, for example temperature or 
H2O, as a tracer. This method, called the modified Bowen-ration method, requires very 
accurate gradient measurements of the tracer and can induce a large error into calculated 
flux values. Moreover, as the gradient goes to zero with the flux, the turbulent exchange 
coefficient is not well defined under these conditions by the modified Bowen-ratio 
method. 
 
 25
Another method to estimate Kc is to use the Monin-Obukhov similarity theory (see, e.g., 
Stull, 1988; Garratt, 1994; Kaimal and Finnigan, 1994) and the Businger-Dyer formulae 
(Businger et al., 1971; Dyer, 1974), or equivalent ones, for dimensionless stability 
functions, as is done in papers I-II. This can be expressed as: 
)(ζφ
κ
h
hc
zuKK ∗== ,         (3) 
where Kh is the turbulent exchange coefficient for heat, κ is the von Kármán constant, u∗ 
is the friction velocity and φh is the dimensionless stability correction function for heat 
transfer and depends on the Monin-Obukhov stability parameter ζ. Equation (3) assumes 
a similarity between heat and mass transport. The full derivation of the equation used for 
flux calculations in papers I-II (Eq. (2) in paper I, Eq. (1) in paper II) is described in 
Appendix A., based on Garratt (1994) and Fuentes et al. (1996). This similarity theory 
approach does not require demanding measurements of a tracer gradient. It, however, can 
introduce systematic errors into flux measurements. 
 
Use of the gradient method as described above requires the timescale of turbulent mixing 
τ∗ to be much shorter than the timescale of the chemical reactions involved τch, i.e. the 
Damköhler number Da=τ∗/τch must be small. Formulations for gradient-flux relations in 
the cases where the Damköhler number is not small have also been developed (Vilà-
Guerau de Arellano et al., 1995). 
 
The conventional flux-gradient relationships tend to break down near a very rough 
surface, such as a forest canopy (Garratt, 1980). Equation (3) alone does not take this so-
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called roughness sub-layer (RSL) effect into account. This can lead to serious 
underestimation of fluxes, since the gradient within the RSL is smaller than the one 
predicted by flux-gradient relationships. The underestimation of the fluxes due to the 
RSL is estimated to be between 0 and 70 % depending on the ratio of the measurement 
height to the canopy height (Simpson et al. 1998, and references therein). A RSL 
correction can be applied to compensate for this effect. To obtain a numerical value for 
this correction, one can study relationships between measured carbon dioxide, water 
vapor or temperature gradients, and fluxes measured by the eddy covariance method. In 
the cases where there are no gradient measurements accurate enough for this, relations 
between RSL correction and characteristics of the surface roughness can be used 
(Garratt, 1980; Cellier and Brunet, 1992). However, there exists no consensus on the 
formulation and magnitude of these corrections.  
 
The most convenient and reliable way of using the gradient method for trace gas fluxes is 
to use the modified Bowen-ratio and the Monin-Obukhov similarity approach together. 
The turbulent exchange coefficients or dimensionless gradients can be obtained using 
both techniques, thus making it possible to define RSL correction functions for the site. 
For trace gas flux calculations, exchange coefficients calculated using the Monin-
Obukhov similarity approach are then used, but corrected for RSL. This method allows 
trace gas flux measurements even when the gradients of other scalars are near zero. 
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Because gradient measurements involve concentration measurements conducted at 
different heights, they impose more strict requirements for horizontal homogeneity of 
source distribution, since different measurement heights have different footprints. 
 
Gradient techniques have been used for BVOC flux measurements by, e.g., Lamb et al. 
(1985), Fuentes et al. (1996), Goldstein et al. (1996), Guenther et al. (1996), Cao et al. 
(1997), Schween et al. (1997) and Darmais et al. (2000). 
 
3.2.3 Eddy accumulation methods 
Eddy accumulation techniques are more direct methods for flux measurements of trace 
gases than the gradient method. They imply that air samples are accumulated into up-
draft and down-draft reservoirs using data from an acoustic anemometer to control the 
sampling. In the original true eddy accumulation technique, the sampled volume is 
proportional to the magnitude of the vertical wind velocity (Desjardins, 1977) and 
↓−↑+ += cwcwFc  ,         (4) 
where +w  is the time average of updrafts and −w that of downdrafts, as defined in 
Appendix B. The quantity c↑ is the concentration of a trace gas in an updraft sample, and 
c↓ that in a downdraft sample. Equation (4) can be derived from equation (1) as is 
described in Appendix B. However, difficulties in controlling the sampling flow 
accurately and fast enough have hindered the use of this method.  
 
Instead, the relaxed eddy accumulation method (REA) has gained popularity for BVOC 
flux measurements. In this method, introduced by Businger and Oncley (1990) the 
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sampling flow is kept constant. Additionally, an optional dead-band around zero vertical 
wind velocity was introduced to increase the concentration difference between up- and 
downdraft samples. Thus, the flux is defined as 
)( ↓↑ −= ccbF wc σ ,         (5) 
where σw is the standard deviation of the vertical wind velocity and b a theoretical or 
empirical constant. The latter is needed since information is lost due to constant 
sampling-rate. Theoretically b depends on the joint probability distribution of w and c, 
and has a value of 0.627 if this is Gaussian (Baker et al., 1992). Empirical values for b 
are usually around 0.6 (e.g., Businger and Oncley, 1990; Baker et al., 1992). The value of 
b can also be derived from high frequency data of another scalar, e.g. temperature, by 
inverting equation (5). Then a similarity between scalar transport is again assumed.  
 
The REA technique has been a method of choice for BVOC flux measurements for the 
past few years. Its advantages include the fact that the samples can be transported even to 
another continent for analysis, thus not requiring a laboratory nearby the measurement 
site. The same holds true also for gradient method. It is also possible to build REA 
systems using very little power, making measurements independent of line power 
sources. As the REA technique requires on-line decisions on the up- or downdraft 
sampling, the non-horizontal mean wind cannot be corrected during post-processing of 
the data. This makes it less applicable for measurements at non-ideal sites. The REA 
technique has been used for BVOC flux measurements by e.g. Guenther et al. (1996), 
Valentini et al. (1997), Baker et al. (1999), Ciccioli et al. (1999), Christensen et al. 
(2000) and Darmais et al. (2000). 
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3.2.4 Disjunct eddy sampling 
All measurement techniques mentioned above usually sample in a continuous manner. 
Since fluxes can be reliably calculated also from a subset of a continuous time series, a 
disjunct sampling (DES) method can be used (Haugen, 1978; Kaimal and Gaynor, 1983; 
Dabberdt et al., 1993; Lenschow et al., 1994). In this approach, short separate samples 
are taken from the continuous time series, and ensemble averaging them yields the flux. 
In the case of the eddy covariance method the flux would be an ensemble-averaged 
covariance: 
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instead of a time averaged covariance (Eq. 1). Techniques based on the disjunct eddy 
sampling approach are described in papers III and V, and applied in paper IV. The DES 
gives more time to process each sample than continuous sampling, but it also reduces the 
number of samples considerably. As the time-series of any atmospheric property in the 
surface layer are autocorrelated, the disjunct sampling does not increase the uncertainty 
as much as would be the case with random time series. According to Lenschow et al. 
(1994), the additional uncertainty introduced to a flux value due to disjunct sampling is 
less than 8 % if the time-distance between samples is less than the appropriate integral 
time-scale. The major advantage of DES is that it makes direct eddy covariance flux 
measurements possible using analyzers with response times between one and 30 seconds, 
and maybe even longer. Even when there exists a fast analyzer for a compound, a slower 
instrument can be smaller, more stable, easier to operate, and less expensive. 
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3.3 Mixed layer techniques 
 
Mixed boundary layer methods are used to estimate BVOC emissions at a scale of several 
square kilometers. They require concentration measurements at several heights within the 
well-mixed boundary layer and are only applicable under convective conditions. Tethered 
balloons are commonly used as platforms for the measurements, but also aircraft can be 
used.  
 
In the mixed layer gradient method the vertical profile of a conserved compound is 
assumed to be the result of a superposition of bottom-up and top-down fluxes, Fc0 and 
Fch: 
)()(0 hzg
hw
F
hzg
hw
F
z
c
t
ch
b
c
∗∗
−−=
∂
∂ ,       (7) 
where w∗ is the convective velocity scale, h the boundary layer depth and gb and gt are 
dimensionless gradients for bottom-up and top-down diffusion, respectively (Wyngaard 
and Brost, 1984). The dimensionless gradient terms can be estimated using large eddy 
simulations.  
 
The boundary layer budget equation for a compound can be written as: 
Q
h
FFCU
t
C chc +−+∇⋅=
∂
∂ 0 ,        (8) 
where C is the concentration of the compound integrated through the whole boundary 
layer. The first term on the right hand side of equation (8) is the horizontal advection 
term, the second the vertical flux divergence within the boundary layer, and the third term 
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Q describes sources and sinks in the boundary layer (see, e.g., Garratt, 1994). The 
emission of a reactive trace gas, Fc0, can be derived by Equation (8) by measuring the 
time change of its concentration integrated throughout the mixed boundary layer, usually 
neglecting advection, and modeling entrainment flux Fch and net chemical production Q. 
 
Mixed layer methods have been used for BVOC emission estimates by e.g. Zimmerman 
et al. (1988), Guenther et al. (1996), Helmig et al. (1998) and Greenberg et al. (1999a, 
1999b). Mixed layer methods can give the VOC emissions on a relatively large scale thus 
being important tools for validating the up-scaling procedures of the emissions. These 
methods, however, rely on modeling the complex effect of chemistry and entrainment 
flux on the profiles and the errors involved can lead to large uncertainties in the estimated 
emissions. 
 
3.4 Sampling and chemical analysis of VOCs 
 
The reliability of the BVOC flux measurements strongly depends on our ability to 
accurately sample and analyze atmospheric VOC concentrations. Sampling and analysis 
methods have been reviewed by Cao and Hewitt (1999). The methods used in this work 
are discussed in this section. 
 
In most methods for VOC flux measurements, compounds are first sampled into a storage 
reservoir to be analyzed later. Sampling methods include whole air sampling and 
adsorbent techniques. Whole air sampling implies sampling air into a bag or a canister. 
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Rigid canisters are usually used if samples are not analyzed on site since they are easier 
to store and are more rugged for transportation. The inside of the storage volume has to 
be non-reactive with target compounds and not emitting compounds that might lead to 
sample contamination. Passivated stainless steel canisters are generally used for VOCs up 
to C10 compounds. 
 
Adsorbent techniques are a convenient way for VOC sampling since adsorbent cartridges 
are usually small in size and, if not made of glass, rugged in use. In these techniques, air 
is drawn through a tube filled with one or more solid adsorbents. As the air moves 
through, hydrocarbons stick onto the surface of the adsorbent. As different materials 
adsorb different compounds, the right adsorbent for target compounds has to be selected. 
Two or more adsorbents can also be used together so that air flows first through the 
weaker adsorbent that adsorbs the larger molecules, and then through the stronger one, 
adsorbing smaller molecules. All adsorbents have breakthrough volume after which the 
adsorbent is not able to totally adsorb the compounds.  Also chemical conversion of 
compounds can occur on the adsorbent. 
 
There exist a variety of adsorbent materials, each with their own advantages and 
disadvantages. Adsorbents used in the work described in this thesis were Tenax TA, 
Carbotrap and Carbosieve. Tenax TA is an organic polymeric resin which can be used to 
collect monoterpenes and other hydrocarbons larger than C6. Carbotrap and Carbosieve 
are carbon-based adsorbents, which can be used together to collect C3-C12 hydrocarbons. 
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The compounds are desorbed for analysis from adsorbent by heating it up to around 
300ºC. 
 
As sampled air flowing through the adsorbent contains also ozone, which can react with 
hydrocarbons, ozone removal can be necessary at high ambient ozone levels. No ozone 
scrubbing was used in the studies described in papers I, III and IV. The highest ozone 
concentration in Northern Finland during the measurements described in paper I were 
around 40 ppbv. In Niwot Ridge (Paper III) the ozone concentrations were around 50 
ppbv. In Amazon region (paper IV) ozone concentrations are usually below 20 ppbv, 
except during the biomass burning season (Cordova Leal et al., 2000; Vanni Gatti et al., 
2000). In the work described in paper II, MnO2 coated Cu mesh was used to remove 
ozone. 
 
The samples taken following the above mentioned ways are usually analyzed using gas 
chromatography (GC) methods. For GC methods the sample is usually first pre-
concentrated using a cryotrap and then flushed into a column wherein compounds are 
separated on the basis of their different partition coefficients. 
 
After separation, compounds are measured by a suitable method, such as flame ionization 
detection (FID) or mass spectrometry (MS). In FID, compounds coming from the column 
are ionized by a hot flame. These ions are then accelerated towards a sensor and the 
resulting current is recorded. Thus, the compounds are identified only by their retention 
times in the column. In mass spectrometry compounds are also ionized, often by electron 
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impact. The produced ions are directed toward an exit slit into the mass analyzer, wherein 
different masses are directed to the detector using a varying electrical field. In the scan 
mode all of the masses are observed. Better accuracy and lower detection limit can be 
obtained by using a selective ion monitoring (SIM) mode. With the SIM mode, only pre-
selected ions are observed thus giving longer integration time but little possibilities for 
compound identification.  
 
There exist some instruments for fast measurement of volatile organic compounds. 
Guenther and Hills (1998) developed a fast isoprene analyzer based on 
chemiluminescence of degradation products of isoprene and ozone with response time of 
0.5 s. However, there are interferences with some other compounds, such as propene. 
This instrument is thus best suited for flux measurements in environments where isoprene 
is the dominant VOC. 
 
Proton-transfer-reaction mass spectroscopy (PTR-MS) is a new method able to analyze 
various compounds relatively fast (Lindinger et al., 1998). The response times of most of 
these instruments vary between 0.8 and 1.5 seconds. In the PTR-MS instrument positive 
ions are formed from target component by proton transfer reaction with primary ion 
(H3O+). These product ions are then selected with a mass spectrometer and detected with 
electron multiplier. 
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3.5 Emission modeling 
 
All the methods described above are used to provide values of parameters necessary in 
emission models for the estimation of regional and global emissions of BVOCs. 
Emissions fluxes (F) are usually calculated using an expression of the type described by 
Guenther (1997) 
γλεDF = ,          (9) 
where ε is the emission potential, or the basal emission rate, D the foliar biomass density, 
γ the short-term emission activity factor to account for light and temperature 
dependencies of emission, and λ the long-term, or seasonal, activity factor.  
 
The short-term activity factor for isoprene is a function of light and temperature and can 
be represented as: 
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where L is the photosynthetic photon flux density (PPFD), T is the leaf temperature, Ts is 
the leaf temperature at standard condition (usually 30ºC), R is the gas constant, and CL1, 
α, CT1, CT2 and CT3 are empirical constants (Guenther et al., 1991, 1993), with typical 
values as in, e.g., Guenther (1997). Monoterpene emissions usually depend only on 
temperature and they are calculated using: 
( )[ ]sTT −= βγ exp ,         (11) 
where β is an empirical coefficient usually taken to be 0.09 ºC-1 (Guenther et al., 1991).  
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However, monoterpene emissions from some Mediterranean and tropical plant species 
are shown to be also light-dependent (Staudt and Seufert, 1995; Loreto et al., 1996; Kuhn 
et al., 2001). The total emission from plant species with partially light-dependent 
monoterpene emissions is modeled by assuming two independent sources, one of which 
is temperature-dependent pool emission, and the other is light and temperature-dependent 
synthesis emission, thus: 
( ) ( )PPFDTFTFF synthpool ,.+= ,       (12) 
where the first term on the right hand-side is calculated using equation (11), and the 
second term using equation (10). 
 
The long-term activity factor accounts for the seasonal changes in the emission potential. 
There is no simple algorithm for this factor. Seasonal changes in basal emission rates 
have been observed for both isoprene and monoterpenes. Part of these changes can be 
due to the environmental parameters, part due to phenology (e.g. Guenther 1997; Hakola 
et al., 1998; Hansen and Seufert, 1999; Geron et al., 2000; Boissard et al., 2001; Pétron 
et al., 2001). 
 
The dependencies of BVOC emissions on various factors within the emission models are 
described in varying detail depending on the nature of the problem. Overall, regional and 
global models can be divided into those where species-specific emission parameters are 
used, and those where ecosystem specific emission parameters are used. 
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The species-specific approach can be used in areas where emissions are dominated by a 
few plant species, or when the modeling domain is limited. This approach has been used 
to estimate BVOC emissions on the continental scale by Simpson et al. (1999), and on the 
regional scale by, e.g., Lindfors and Laurila (2000), Lindfors et al. (2000) and Kellomäki 
et al. (2001). 
 
In tropical rainforests, on the other hand, the number of tree species per hectare can reach 
three hundred (Whitmore, 1998, and references therein). Thus, the species-specific 
approach is highly impractical in these areas. Instead, an ecosystem-specific approach, 
where different vegetation types are assigned with integrated emission parameters are 
used. This approach has been implemented for global emission estimates by Guenther et 
al. (1995). 
 
4 RESULTS 
 
The results of papers I-V show that measurements of hydrocarbon emissions from 
vegetation are possible using several techniques. However, the uncertainty of a single 
half-hourly flux value can be large, from about 30 % to over 100 % (Figure 4). This leads 
to the need of larger data sets. In any technique for trace gas flux measurements the 
accuracy of the concentration measurement is of vital importance since a small difference 
in concentration has to be measured.  
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Here the main results of the papers included in the thesis are presented, the more detailed 
discussion being found in the papers themselves. First, some remarks on the gradient 
technique (4.1) and disjunct eddy sampling methods (4.2) are made. Results from 
canopy-scale flux measurement are summarized (4.3), and finally implications for future 
research are discussed (4.4). 
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Figure 4. Monoterpene fluxes (ng m-2 s-1) measured by the gradient technique, together 
with their estimated uncertainties at Huhus, Ilomantsi, Finland (Rinne et al., 1999). The 
estimation of uncertainties is conducted as described in paper I. 
 
4.1 Gradient technique 
 
The gradient technique using the Monin-Obukhov stability functions proved to be a 
useful framework for estimating the hydrocarbon emission rates at the canopy scale. 
However, the data obtained using this method needs to be carefully analyzed to exclude 
possible unphysical data. The sources of uncertainty were analyzed in paper I. The 
results show the importance of accurate trace gas sampling and analysis. The accuracy of 
the trace gas concentration measurements was improved for the measurements presented 
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in paper II mainly by lowering the blank-level variation of the solid adsorbent cartridges 
through more thorough cleaning procedure. 
 
The analyzed uncertainties can be divided into random and systematic errors. The latter 
can bias the results of any statistical analysis of the flux measurement results. If the 
concentration measurements can be assumed to have no systematic error, the most 
important potential sources of systematic error for the gradient method using the Monin-
Obukhov stability functions are the parameterizations and the effect of the roughness sub-
layer. These can introduce a systematic error of 30-40 % to the measured fluxes.  
 
4.2 Disjunct eddy sampling 
 
Papers III and V describe new methods for hydrocarbon flux measurements using the 
disjunct eddy sampling approach. Simulations show that disjunct eddy sampling does 
give results similar to continuous sampling. The DES can be applied to various eddy flux 
measurement methods such as the true eddy accumulation technique (paper III) and the 
eddy covariance technique (paper V). The disjunct eddy sampling relaxes some of the 
instrumental requirements imposed by continuous sampling.  
 
Both techniques applying the disjunct eddy sampling were successfully deployed to 
measure fluxes of biogenic hydrocarbons. Particularly the disjunct eddy covariance 
technique is a potentially powerful method for trace gas flux measurements, being able to 
create large data sets and being less prone to systematic errors than, e.g., gradient 
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techniques. However, the uncertainties in the calibration of the analyzer used can 
introduce systematic uncertainties into fluxes measured. For the PTR-MS, the calibration 
uncertainty was estimated to be 20 %. Intercomparisons are needed to verify the fluxes 
measured using DES techniques.  
 
Future applications of DES can include e.g. hyperbolic relaxed eddy accumulation 
method (Bowling et al., 1999). The DEA can also be applied for aircraft based 
measurements since a delay of a second of two in the on-line wind data can easily be 
incorporated with the system. 
 
4.3 Canopy-scale VOC emissions 
 
The boreal Scots pine forests and mixed forest in Finland proved to be monoterpene 
emitters as expected (paper II). The measured canopy scale monoterpene emissions were 
temperature-dependent as the leaf level enclosure measurements had predicted (e.g. 
Janson, 1993) but the observed β-coefficient was 0.15 ºC-1, i.e. somewhat higher than 
0.09 ºC-1, which is commonly used in emission models (Guenther et al., 1995; Simpson 
et al., 1999; Lindfors and Laurila, 2000; Lindfors et al., 2000; Kellomäki et al., 2001) 
and based on enclosure measurements (Guenther et al., 1991, 1993). This was also the 
case with the α-pinene fluxes measured at Niwot Ridge (paper III) and the data 
presented by Schween et al. (1997) and Christensen et al. (2000). The β-coefficient for 
all daytime data measured at Kenttärova (paper I) is 0.11 ºC-1, which is close to the 
coefficient commonly used. The reasons for the higher β-coefficients obtained by SLF 
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techniques are not known, but they may include the use of air temperature, rather than 
leaf temperature, in some of the studies; and the effects of the canopy on the radiation, 
and therefore on leaf temperature distribution. 
 
The parameters used in the emission models are commonly obtained by enclosure 
measurements conducted under relatively warm temperatures. The extrapolation of 
emissions to low temperatures can introduce systematic error into the calculated fluxes, if 
the used β-coefficient differs from the real temperature dependence. Thus, if the higher β-
coefficient observed by canopy scale measurements is not an artifact, the emission 
models may be overestimating the monoterpene emissions from boreal forests under 
lower temperatures, which are rather common for the area. 
 
Guenther et al. (1995) used a basal monoterpene emission rate of 2.4 µgC gdw-1 h-1 for 
boreal and snowy coniferous forests whereas Simpson et al. (1999) used 1.3 µgC gdw-1 h-1 
for Scots pine and 0.18 µgC gdw-1 h-1 for birches (Betula spp.). For Norway spruce (Picea 
abies) Simpson et al. (1999) used partially light-dependent emission algorithm (equation 
(12)) with basal emission rate of 1.3 µgC gdw-1 h-1 for both pool and synthesis emission. 
According to the measurements reported in papers I and II, the basal monoterpene 
emission rates were 1.5 µgC gdw-1 h-1 for mixed northern boreal forest (Siberian 
spruce/mountain birch: Picea abies subsp. obovata/Betula pubenscens subsp. 
czerepanovii), and 1.1 µgC gdw-1 h-1 for Scots pine (Pinus sylvestris) forest at the border 
between the mid- and southern boreal subzones. Christensen et al. (2000) reported a 
basal monoterpene emission rate for Norway spruce to be 0.64 µgC gdw-1 h-1, obtained by 
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REA method.  Thus, it seems that the emission models have overestimated the 
monoterpene emissions from the European boreal zone due to biased basal emission 
rates. Too high basal monoterpene emission rates used in emission models may be due to 
the destruction of fine organs storing monoterpenes in the enclosure measurements, 
leading to artificially high emission rates measured. Also the extrapolation of known 
emission parameters to related plant species or ecosystems, for which emission 
parameters are not known, can introduce large errors to model results. 
 
The basal isoprene emission rate used by Guenther et al. (1995) for boreal and snowy 
coniferous forests is 8 µgC gdw-1 h-1, which results in a relatively high isoprene emissions. 
Simpson et al. (1999) used basal isoprene emission rate of 1.0 µgC gdw-1 h-1 for Norway 
spruce. In the northern boreal zone, as well as at the measurement site described in paper 
I, the dominant spruce is Siberian spruce, which is a sub-species of Norway spruce. 
According to Steinbrecher et al. (1999), Siberian spruce has lower basal isoprene 
emission rates than Norway spruce and Lindfors et al. (2000) used basal isoprene 
emission rate of 0.1 µgC gdw-1 h-1 for Siberian spruce. Scots pine and birches have 
generally been regarded as low or non-isoprene emitters (Simpson et al., 1999; Hakola et 
al., 1998, 1999; Lindfors et al., 2000). The isoprene fluxes at the boreal sites were below 
the detection limit during the measurements described in papers I and II. The strongest 
isoprene emitters in the European boreal zone seem to be scrubby plants growing 
patchily, often along waters and in wetlands, such as willows (Hakola et al., 1998, see 
also Janson et al., 1999). Therefore, the contribution of these plants to the isoprene 
emission escapes the measurements presented in papers I and II. The VOC flux 
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measurements conducted in the North American boreal zone have shown relatively high 
isoprene emissions from aspen and black spruce forests (Zhu et al., 1999; Westberg et al., 
2000). 
 
Simpson et al. (1999) used a foliar biomass of 500 g m-2 for Scots pine in the areas north 
of 60°N, whereas the detailed analysis of the Finnish forest inventory data by Kellomäki 
et al. (2001) shows that the highest foliar biomass densities for pure Scots pine stands in 
southern Finland (60-65°N) are 200-290 g m-2. For Norway spruce Simpson et al. (1999) 
used foliar biomass density of 800 g m-2 in the areas north of 60°N, which falls in the 
range of 350-950 g m-2 reported by Kellomäki et al. (2001) for southern Finland. In 
northern Finland the foliar biomasses of Scots pine and Norway spruce are 80-90 % and 
40-50 % of the foliar biomasses in southern Finland, respectively (Kellomäki et al., 
2001). The recent regional emission inventories for Finland by Lindfors and Laurila 
(2000), Lindfors et al. (2000) and Kellomäki et al. (2001) use basal emission rates which 
fit the data in papers I and II, and foliar biomass densities based on recent analysis.  
 
Compared to the results presented in papers I and II and other published data 
(Christensen et al., 2000), global and continental scale biogenic hydrocarbon emission 
inventories (e.g., Guenther et al., 1995; Simpson et al., 1999) have generally 
overestimated the monoterpene emissions from the European boreal zone. This 
overestimation is due to either too high basal emission rates or too high foliage biomasses 
used in emission calculations or both and can be as high as 100 %. Isoprene emission is 
also likely to be overestimated, but the measurement data presented here does not allow 
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quantitative estimate of the magnitude of overestimation. We must, however, remember 
that the regional and global emission models describe emissions from large areas, 
whereas SFL measurements provide information on a much smaller scale. For example, 
the effect of patchily growing scrub vegetation on the spatially averaged VOC emission 
must be taken into account in the emission models. 
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Figure 5. Measured isoprene (solid circles), α-pinene (open diamonds) and β–pinene 
(open triangles) fluxes at Km 67, Floresta Nacional do Tapajós, Pará, Brazil (Paper IV). 
 
In tropical rainforests the isoprene emissions are reported to be higher than monoterpene 
emissions (Zimmerman et al., 1988; Helmig et al., 1998). This was also the case in 
measurements reported in paper IV (Figure 5). Even when the hydrocarbon emission 
from the rainforest is dominated by isoprene, the monoterpene emission is of the same 
order of magnitude as those measured in the European boreal region. These emissions 
have previously been modeled as temperature-dependent emissions, in a similar fashion 
as monoterpene emission from boreal region (Guenther et al., 1995). Measurements 
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conducted at km 67 in Floresta Nacional do Tapajós, Pará, Brazil (paper IV), however, 
show that these emissions are likely to be temperature- and light-dependent in a manner 
similar to isoprene emission. The light dependence of the monoterpene fluxes have an 
effect on the diurnal cycle of monoterpene emissions and on the nighttime air chemistry 
in the tropical regions, as the monoterpenes do not reach high concentrations in the 
shallow nocturnal boundary layer, as in the European boreal zone. Since the parameters 
used in modeling the monoterpene emissions from tropical rainforests are obtained from 
daytime data, the extrapolation of these parameters to night conditions using algorithms 
depending solely on temperature can lead to significant overestimation of the 
monoterpene emissions. For example, if we calculate the emission using the same basal 
emission rate by different algorithms, we find that the algorithm depending solely on 
temperature (equation (11)) results in three time higher daily emission than the 
temperature and light dependent algorithm (equation (10)). 
 
The isoprene fluxes at km 67 did not correlate as well with light and temperature 
dependent emission activity factor (equation 10) as α-pinene fluxes did, as would be 
expected. The observed isoprene flux variation, not correlated with light- and temperature 
algorithm, could be caused by heterogeneities in horizontal source distribution. This 
could be caused by nearby gaps in the canopy, likely to be occupied by fast growing high 
isoprene emitters. To average out the effect of the horizontal inhomogeneity, the 
measurements should have been conducted higher above the canopy than was the case. 
However, the emission pattern observed, with high isoprene emission and lower 
monoterpene emission, is similar to those derived from well-mixed boundary layer 
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profiles (Zimmerman et al., 1988; Helmig et al., 1998) and calculated by emission 
models (e.g. Guenther et al., 1995). As there is no foliar biomass density data for km 67 
available yet, a direct comparison of measured fluxes with modeled emission is not 
possible. As these measurements were conducted at only one site in the hugely diverse 
neo-tropical forest region, the characterization of the VOC emissions from tropical 
vegetation clearly requires more measurements.  
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Figure 6. Cumulative methanol, acetone and acetaldehyde fluxes from alfalfa before and 
after cutting in Morgan County, Colorado, USA, August 2000. The data used for the 
integration is presented by Warneke et al. (2001). 
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Paper V, which concentrates on the methodological development, shows also some new 
data on the methanol fluxes from undisturbed and drying alfalfa. Undisturbed alfalfa 
emitted significant amounts of methanol. As other plant species have also been shown to 
emit methanol (MacDonald and Fall, 1993; Nemecek-Marshall et al., 1995; Fukui and 
Doskey, 1998; Kirstine et al., 1998), vegetation can be a more important source of 
methanol into the atmosphere than previously estimated. As the lifetime of methanol is 
relatively long, order of 16 days (Singh et al., 1995), it can easily reach the free 
troposphere and thus affect the chemistry there. Methanol concentrations up to 700 pptv 
have been observed in the free troposphere (Singh et al., 1995; 2000). Drying alfalfa 
emitted also acetaldehyde and acetone but their emissions were an order of magnitude 
lower than methanol emissions (Figure 6). Since the undisturbed alfalfa did not emit 
these compounds, the effect of these emissions may not be significant at the global scale. 
However, since acetaldehyde is much more reactive than methanol and acetone, it is 
more likely to have an impact on the local air chemistry. The cumulative fluxes (Figure 
6) also revealed deposition of acetone onto the alfalfa. However, relatively little is still 
known about the biogenic emissions of oxygenated VOCs, such as methanol. 
 
4.4 Implications for future research 
 
The results show that several surface layer flux methods can be used to obtain canopy-
scale data on the VOC emissions from vegetation. However, direct eddy covariance 
measurements using PTR-MS, sampling either continuously or in a disjunct manner, are 
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likely to gain popularity in the future as a state of the art technology. The eddy 
covariance method is more applicable for acquisition of larger flux data sets than gradient 
or eddy accumulation methods, which require laborious laboratory analysis of the 
samples. These larger data sets can be used for process studies and they can reveal more 
easily weak processes, such as the deposition of acetone onto alfalfa. The DEC method 
may be also used for measurement of the fluxes of other compounds such as methane and 
mercury using suitable analyzers. The large uncertainties associated with a single half-
hour flux value imply a need for larger datasets to accurately determine the canopy scale 
VOC emission rates from various types of vegetation. This is especially true for tropical 
rainforests where characterizing all plant species by enclosure measurements is 
practically impossible. 
 
Although this work covers only a small part of all vegetation types, the results bear some 
implications for future emission modeling studies. According to the measurements 
conducted in Finland, the monoterpene emissions from European boreal forests have 
been overestimated in many emission models. This calls for revision of basal emission 
rates and foliar biomass data used in model calculations. The measurements conducted at 
the Amazonian rainforest showed dependence of the monoterpene emissions on light. 
Application of light-dependent monoterpene emission algorithm into emission models of 
neo-tropical rainforests affects the diurnal cycle of the emission and can have an effect on 
the total emission as well.  
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Some of the findings presented in this work invite for deeper studies in the near future. 
The extent of the light dependence of monoterpene emissions among tropical plant 
species is one of these, as tropical forests are a major source of BVOCs into the 
atmosphere. Little is still known about biogenic emission of oxygenated VOCs such as 
methanol. If the high methanol emissions observed from alfalfa are common among other 
plant species, terrestrial vegetation may emit higher amounts of this compound into the 
atmosphere than expected. The effect of land cover change was not studied within this 
work but it can be an important issue in understanding the human impact on atmospheric 
composition. Surface layer flux measurement methods are a good tool for these studies. 
For the canopy-scale emission measurements, the intercomparisons to validate the flux 
measurement techniques should be in high priority. 
 
5 SUMMARY AND CONCLUSIONS 
 
The results of this work indicate that: 
1) Measurements of biogenic VOC emissions are possible using various surface 
layer flux techniques. The uncertainties associated with these techniques are 
relatively large. To ensure data quality, careful analysis of the possible error 
sources and micrometeorological conditions is needed. 
2) Developed new methods based on disjunct eddy sampling approach can provide 
more and better data on BVOC emission including oxygenated compounds. 
Especially the disjunct eddy covariance method can be a powerful new tool for 
trace gas flux measurements. 
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3) Chemical analysis of VOCs was one of the most important sources of uncertainty 
for surface layer flux measurements of these compounds.  
4) The European boreal forest emitted mostly monoterpenes. These emissions were, 
however, somewhat smaller than previously estimated in emission inventories. 
The measured canopy-scale monoterpene emissions showed temperature-
dependent behavior. 
5) In the neo-tropical rainforest, isoprene emission dominated over the monoterpene 
emissions. Monoterpene emissions showed light and temperature dependent 
behavior similar to isoprene emission. 
6) Both undisturbed and disturbed alfalfa showed high methanol emissions. If these 
high methanol emissions are common among other vegetation types, they can 
have a significant effect on the global atmospheric methanol budget. 
7) The results presented in this work cover only a small part of the global VOC 
emissions from the biosphere. They also opened new questions on certain 
emissions. There is certainly a need for intercomparison studies between different 
trace gas flux measurement techniques. VOC emissions from rainforests are still 
not very well characterized and the extent of light dependent monoterpene 
emissions is unknown. Also emissions from croplands need more research as well 
as emissions of oxygenated VOCs in general. 
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APPENDIX A 
Derivation of the gradient flux equation using Monin-Obukhov stability correction 
functions 
 
This derivation follows the one given by Fuentes et al. (1996). Garratt (1994) describes 
derivation of wind, temperature and humidity profiles in thermally stratified surface 
layer. According to Monin-Obukhov similarity theory, vertical gradient of a mean 
concentration c  in the atmospheric surface layer can be written as  
( )Lzh
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'' ,         (A1) 
where φh is a dimensionless stability correction function for heat, L is the Obukhov length 
and κ is the von Kármán constant. If the similarity between scalar transport is assumed, 
the turbulent Schmidt number αc=1. In gradient measurements described in papers I-II 
concentrations were measured at two heights. Integrating (A1) between two heights z1 
and z2 yields 
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where ζ1=z1/L and ζ2=z2/L are the Monin-Obukhov stability parameters at heights z1 and 
z2, and Ψh is the integral form of the dimensionless stability function, which can be 
written as: 
[ ]∫ −=Ψ ζζφζ ln)(1)( dh .        (A3) 
Thus the flux Fc is obtained from: 
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The heights are heights above the zero plane displacement height. In the work described 
in papers I and II, the integral forms of Businger-Dyer formulas (Businger et al., 1971; 
Dyer, 1974) were used for calculating the values of the stability correction function Ψh 
(For these integral forms, see, e.g., Garratt, 1994). 
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APPENDIX B  
Derivation of the true eddy accumulation equation 
 
Inverting the Reynolds average, the time-averaged covariance of w’ and c’ can take the 
form: 
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As the time average of w’ is zero by definition, the second term on the right hand side of 
(B1) vanishes. The resulting integral can be divided into updraft and downdraft parts 
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where the δ+=1 and δ-=0 when w’>0; and δ+=0 and δ-=1 when w’<0.  
 
In the true eddy accumulation method air is sampled proportionally to the vertical wind 
velocity. Consequently the mass of a compound (c) in the updraft and downdraft samples 
(M↑ and M↓) is  
∫ −+↓↑ =
2
1
/
/ '
t
t
dtcwM δχ ,         (B3) 
where χ is the pumping coefficient (γ in paper III) and the sample flow f+/-=χw’δ+/-. 
Integrating the updraft and downdraft sample flows over sampling period and 
reorganizing yields 
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where V↑ and V↓ are the volumes of air in the up-draft and down-draft samples, 
respectively. Combining (B2), (B3) and (B4) gives  
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Since concentrations in the updraft (c↑) and downdraft (c↓) reservoirs ↓↑↓↑↓↑ = /// VMc , 
it follows from (B1) and (B5) that 
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Defining 
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(B6) can be written as 
−↓+↑ += wcwcFc ,         (B8) 
which is equation (4). Similar derivation can also be presented in discrete form for 
disjunct true eddy accumulation. 
 
